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Natural gas resources, stimulate the method of catalytic methane decomposition. Hydrogen is a superb energy carrier and integral component of the present energy systems, while carbon nanotubes exhibit remarkable chemical and physical properties. The reaction was run at 700 °C in a fixed bed reactor. Catalyst
calcination and reduction were done at 500 °C. MgO, TiO2 and Al2O3 supported catalysts were prepared
using a co-precipitation method. Catalysts of different iron loadings were characterized with BET, TGA,
XRD, H2-TPR and TEM. The catalyst characterization revealed the formation of multi-walled nanotubes.
Alternatively, time on stream tests of supported catalyst at 700 °C revealed the relative profiles of methane
conversions increased as the %Fe loading was increased. Higher %Fe loadings decreased surface area of
the catalyst. Iron catalyst supported with Al2O3 exhibited somewhat higher catalytic activity compared
with MgO and TiO2 supported catalysts when above 35% Fe loading was used. CH4 conversion of 69%
was obtained utilizing 60% Fe/Al2O3 catalyst. Alternatively, Fe/MgO catalysts gave the highest initial
conversions when iron loading below 30% was employed. Indeed, catalysts with 15% Fe/MgO gave 63%
conversion and good stability for 1 h time on stream. Inappropriateness of Fe/TiO2 catalysts in the catalytic methane decomposition was observed.
Keywords: Carbon nanotubes; Fe catalyst; H2 production; Methane decomposition; MgO.
INTRODUCTION
The growing demand for cleaner fuel energy necessitated the search for other resources besides the depleting
fossils fuels. Presently hydrogen is produced significantly
in the steam reforming process. Nevertheless, the process
like dry reforming of methane and methane partial oxidation processes comprises the formation of carbon oxides
associated with the hydrogen production.1-7 Nowadays, as
a result of the great waste discharge and greenhouse gas
emissions, there are strict regulations and high penalties on
environmental pollution.8-11 Therefore, it is imperative to
develop an alternative, environmentally benign technology. Catalytic methane decomposition (CMD) is the remedy to this since its process does not involve the generation of carbon oxides. Instead, solid carbon is formed as
co-product.12-15 Furthermore, the formed carbon exhibits
nanostructure shapes like carbon nanofibers, which could
assume a substantial role in the process economy since the
structures of developed carbon possess great electrical,
thermal conductivities and mesoporous aspect make them

appropriate materials for numerous uses.16,17 The chemical
equation for CMD is as below:
CH4 ® C + 2H2

DH = 75.6 kJ/mol

(1)

Transition metals such as Ni, Fe, and Co supported
over different metal oxides like Al2O3, MgO are the conventional catalysts often used in the CMD.18-21 These catalysts contribute to the growth of carbon nanofibers or carbon nanotubes with textural and structural properties that
differ as a function of the catalyst composition and the operational conditions.22-25 Both active metal and support are
responsible for hydrogen production and the quantity and
quality of carbon material. The catalyst activity is determined by several factors such as temperature.
Although, most of the research conducted in the field
of CMD was carried out using Ni as the active metal yet recently considerable attention has been dedicated to the development of iron-based catalysts for their low-cost, harmless properties than Ni catalysts.26 Pinilla et al.27 performed
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CMD using Fe based catalysts in a rotary reactor and established that higher temperatures were tolerable which results in a positive shift in the methane decomposition reaction equilibrium and the formed carbon enhanced the catalytic activity and thus conversions over 80% were attainable. Muradov28 investigated CMD of methane over an iron
oxide catalyst where the result of the iron catalyst exhibited
at temperatures above 600 °C a high catalytic activity and
the yield was close to equilibrium values at 800 °C.
Narkiewicz et al.25 used iron catalyst in the catalytic decomposition of methane, ethane and ethylene under atmospheric pressure and in the temperature range of 500–700
°C. In the high temperature the iron catalyst revealed high
activity. On the other hand, Li et al.29 examined the effect
of employing different supports in CMD. The obtained result revealed that the hydrogen produced might be straight
applied as a clean fuel in the internal combustion engine
and that pore structure of the supports presented substantial
effect on the product and the growth mechanism of the carbon nanotubes. Alternatively, Torres et al.30 investigated
the effect of temperature upon the Iron based catalyst promoted with Mo and obtained the highest performance in the
range of 700-900 °C. Similarly, Shah et al.31 examined alumina supported iron catalysts at 400-1200 °C temperature
range in the CMD and showed that efficiency declined with
decreasing reactor temperatures. The use of MgO support
in CMD developed suitable interaction with the active
metal and improved the surface properties, dispersion and
hence stability for long reaction times.32 Likewise, CMD
was investigated using Ni catalysts supported over various
oxides such as TiO2, Al2O3 and MgO calcined at 600°C for
5 h.33 High methane conversions with titanic support were
established and that methane conversion increased for the
catalyst which had lower metal to support interaction.
Catalyst performance is not only be determined by the inherent catalytic activity of the constituents, but also on its
texture and stability. Major factors that have a substantial
effect on catalyst’s texture, strength and strong resistance
to coke formation during the reaction include the right selection of supports and their pretreatments such as calcination temperature.
This paper presents the catalytic decomposition of
supported iron catalysts prepared by co-precipitation method. The textural promoters used were Al2O3, MgO and
TiO2. The catalytic activity of the metal in terms of conversion was studied in the decomposition of methane at 700 °C
temperatures. The influence of iron loading on hydrogen
J. Chin. Chem. Soc. 2015, 62, 592-599

conversion was discussed.
RESULTS AND DISCUSSION
In this work, investigation of catalytic decomposition
of methane to produce hydrogen and carbon was conducted
at 700 °C reaction temperature using iron based supported
catalysts on various textural promoters. Pure methane and
nitrogen were fed to the reactor. The inert gas N2 constituted 10% of the feed. No appreciable amount of methane
decomposed during the test of feed in the absence of catalysts under the similar experimental conditions of temperature and therefore, no hydrogen was detected by gas chromatography. Catalyst activities toward hydrogen production and stability tests and their corresponding characterization results are presented. Table 1 displays the operating
conditions of experimental work.
The textural properties of the catalysts have been extracted from the N2 adsorption–desorption isotherms. Table
2(a, b, c) shows the BET surface area measurements of
used and fresh prepared iron supported catalysts. Several
loadings of iron catalysts were used. For all types of iron
supported catalysts the general trend for the surface area of
the fresh catalysts is that as the % loading of iron is increased the surface area decreases. Similarly, the pore volume of fresh catalysts exhibits decreasing tendency with
the increasing % of catalyst loading. This declination of
BET with an increment of Fe loadings emphasizes the role
of textural promoters in enhancing the dispersion of active
metal Fe and hence reducing the sintering effect. Table 2
also displays the amount of carbon deposited measured by
the TGA. It is evident from this result that as % catalyst
loadings is increased the quantity of the formed carbon is
often increased. Therefore, the increase of the amount of
active sites is counterbalanced by the increase rate coverage of active sites due to carbon formation.
H2-TPR analysis
To apprehend the basis of the enhancement in catalytic activity, H2-TPR was performed using several catalysts. Fig. 1 exhibits the H2-TPR profile for alumina supported iron catalyst. TPR patterns for different iron loading
Table 1. Operating conditions
Process name
Calcination temp.
Activation temp.
Total flow rate
Pressure

Process value

Time

500 °C
500 °C
25 ml/min
1 atm.

3h
1.5h
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Table 2a. Surface area (m2g-1) and TGA (%gC/gcat.)
characterization of Fe/Al2O3 catalysts
Catalyst
TGA
type
(%gC/gcat.)
15%
14.7
Fe/Al2O3
20%
48.6
Fe- Al2O3
30%
77.7
Fe/Al2O3
71.5
40%
Fe/Al2O3
78.7
50%
Fe/Al2O3

SBET[a] P.V[a] P.D[a] SBET[b] P.V[b] P.D[b]
(m2/g) (cm3/g) (nm) (m2/g) (cm3/g) (nm)
222.5 0.30 4.8 147.2 0.19 5.2
237

0.28

3.9 188.5

0.77

16.8

203

0.29

5.0 162.8

0.89

22.9

184.8

0.25

4.9 122.0

0.46

16.6

176.2

0.26

5.4 114.8

0.55

20.4

[a] Textural properties before reaction. [b] Textural properties
after reaction.

Table 2b. Surface area (m2g-1) and TGA (%gC/gcat.)
characterization of Fe/MgO catalysts
Catalyst
TGA
type
(%gC/gcat.)
10%
52.2
Fe/MgO
15%
78.6
Fe/MgO
20%
79.2
Fe/MgO
30%
76.9
Fe/MgO
40%
39
Fe/MgO

SBET[a] P.V[a] P.D[a] SBET[b] P.V[b] P.D[b]
(m2/g) (cm3/g) (nm) (m2/g) (cm3/g) (nm)
125.1 0.44 12.2 139.5 0.92 5.2
120.8

0.40

11.9 156.7

0.82

16.8

105.8

0.38

12.8 155.4

0.84

22.9

97.2

0.32

11.7

97.3

0.30

16.6

46.9

0.18

15.1

27.8

0.101 20.4

[a] Textural properties before reaction. [b] Textural properties
after reaction.
Table 2c. Surface area (m2g-1) and TGA (%gC/gcat.)
characterization of Fe/TiO2 catalysts
Catalyst
TGA
type
(%gC/gcat.)
20%
13.4
Fe-TiO2
30%
10.9
Fe/TiO2
40%
15.1
Fe/TiO2
15.5
50%
Fe/TiO2

SBET[a] P.V[a] P.D[a] SBET[b] P.V[b] P.D[b]
(m2/g) (cm3/g) (nm) (m2/g) (cm3/g) (nm)
96.2
0.20
7.4
7.6 0.013 5.2
92.0

0.21

8.3

5.5

0.013 16.8

76.0

0.22

10.5

-

75.9

0.19

10.1 10.03 0.025 20.4

-

22.9

[a] Textural properties before reaction. [b] Textural properties
after reaction.
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Fig. 1. TPR profile for different iron loadings of Fe/
Al2O3 catalysts calcined at 500 °C.

supported catalysts are fairly different from each other
specifying that catalysts have undergone different reduction behavior. The response of the higher loadings of 40
and 50% Fe/Al2O3 temperature scan using hydrogen as reducing agent provides three peaks in the TPR profiles.
Their signals appear around 180-525, 550-830, 835-990 °C
with peak maximum centered at 410, 678 and 975 °C respectively. These regions of temperature obviously identify that catalytic methane decomposition follows three
mechanisms that are predominant at different temperatures. The first peak is attributed to the transformations of
FeOOH ® Fe2O3 while the second peak is ascribed to the
reduction of Fe2O3 ® Fe3O4, whereas the third peak denotes the transformation of Fe3O4 ® Fe.35,36
On the other hand, the response of lower loadings of
10 and 20% Fe/Al2O3 temperature scans using hydrogen as
reducing agent gives a single dominant reduction signal at
approximately 250-550 °C, with peak maximum centered
at 400 °C, indicating that most metal oxides are reduced in
this temperature region. This corresponds to the reduction
steps of FeOOH ® Fe2O3 ® Fe3O4 and Fe3O4 ® Fe. The
TPR result of lower loadings of Fe/Al2O3 catalysts verifies
the suitability for the activation of the catalyst at 500 °C.
The peaks either in the lower or the higher Fe loading are
similar in shape and however their positions and reduction
peak areas are slightly different. Higher Fe loading peaks
are somewhat shifted to the lower temperature. This may be
due to migration, aggregation, and growth of the metallic
Fe particles which reduce Fe dispersion. The H2 TPR profile for Fe/MgO and Fe/TiO2 catalysts are shown in Fig. 2.
Fe/TiO2 profile shows two reduction peaks, the first one is
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Fig. 2. TPR profile for different iron loading of Fe/
MgO and 50% Fe/TiO 2 catalysts calcined at
500 °C.

a broad peak centered at 405 °C and second peak is smaller
in area and centered at 600 °C and therefore the lower temperature peak is obtained a result of FeOOH ® Fe2O 3
transformation. While the higher temperature peak is ascribed to the transformation of Fe2O3 ® Fe3O4 and Fe3O4
® Fe. On the other hands, Fe/MgO catalysts have produced similar TPR profiles for different iron loading. The
two peaks are formed. The first one appears in the temperature range between 160 °C and 600 °C and the maxima occur at 416 °C, 432 °C and 455 °C for 10% Fe/MgO, 15%
Fe/MgO and 20% Fe/MgO respectively, whereas the second appears in the temperature between 600 °C and 1000
°C and centered at 836 °C, 856 and 907 °C for 20%
Fe/MgO, 15% Fe/MgO and 10% Fe/MgO respectively. The
shifting of peaks with the changes of the Fe loading is related to the variation of the dispersion properties of the active metal in the catalyst matrix.
Activity measurement
The supported Fe catalysts with various Fe loadings
were tested at 700 °C at atmospheric pressure. The activity
measurement was obtained from the conversion of methane. Fig. 3 depicts the initial methane conversion against
Fe loading. The performance of Fe/TiO2 is found to be the
least. The conversion is practically unaffected appreciable
by the Fe loading increase. Hence, % conversions of 11.1
and 16.5 are found for 15% Fe/TiO2 and 60% Fe/TiO2, respectively. However, the Fe/MgO catalysts gives the highest conversion for all three supports in the lower values of
Fe Loadings. For Fe loading of up to 30%, the conversion
of methane is almost constant. After that conversion of
Fe/MgO begins to decline as the Fe loading is further inJ. Chin. Chem. Soc. 2015, 62, 592-599

creased. Therefore, the highest initial conversion of (47.2)
is recorded at 15% Fe/MgO. On the other hand, Fe/Al2O3
catalysts have shown an increasing conversion profile until
30% Fe loading is reached. Thereafter, the conversion profile remains unchanged with further increase of Fe loading.
Thus, yielding the highest conversion values for all supports when Fe loading above 35% is used. The converted
value for 40% Fe/Al2O3 is found to be 42.3%.
Time on stream (TOS)
The stability experiments for differently supported Fe
catalysts are accomplished to reveal the effect of deactivation due to carbon deposition on the catalysts and to produce important reference data for industrial development.
The conversion of methane is calculated at different time
intervals. Fig. 4 depicts the time on stream conversion of
Fe/Al2O3 catalysts for a total time of 180 minutes. The conversion increases as the Fe loading is increased as a result
of increase of the active sites of the catalyst. For 15%
Fe/Al2O3, a constant conversion of 9.2 is recorded indicating the stable condition with the reaction time due to low
activity which favors longer catalyst life. For the higher Fe
loading such as 20% Fe/Al2O 3, 30% Fe/Al2O 3 and 40%
Fe/Al2O3 the conversion is initially constant for the first 35
minutes signifying stable condition. Then the conversion
increases the following 90 minutes before again, it assumes
constant profile. The increase of the conversion can be ascribed to the deposition of the carbon on the surface of the
catalyst that increases the resulting pressure and reduces
output flow and hence altering the space velocity. Conversion values of 34.6, 43.1 and 43.1% are recorded at 20 minutes of reaction time on stream for 20% Fe/Al2O 3, 30%

Fig. 3. Conversion of methane for different iron loading of Fe/MgO, Fe/Al2O3 and Fe/TiO2 catalysts
at 700 °C.
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Fig. 4. Time on stream conversion of different loading
of Fe/Al2O3 catalysts at 700 °C.

Fe/Al2O3 and 40% Fe/Al2O3 respectively. While conversions of 49.1, 53.9, 61.8 and 66.7 are determined at 180
minutes for 20% Fe/Al2O 3, 30% Fe/Al2O 3 and 40% Fe/
Al2O 3 respectively. For the 50% Fe/Al2O 3 and 60% Fe/
Al2O3 the conversion profile takes increasing trend right
from the start, then becomes more or less stable after 2 h.
The conversion curves highlight the significance of the
proportional ratio of active metal and the alumina support.
The highest conversion (69) was achieved with 60%
Fe/Al2O3 catalyst at 2 h. At this time catalysts’ activities
steadily assumes constant values.
Fig. 5 displays conversion time on stream for Fe/
MgO catalysts. It is apparent that the Fe loading affects the
performance of the catalyst. For instance catalysts 15%
Fe/MgO and 20% Fe/MgO give the best activities and stability in comparison with 40% Fe/MgO which deteriorates
steadily after 30 minutes time on stream. The conversion
decreases about 60% for the period of 3 h time on stream.
On the other hand, the conversion performances for 30%
Fe/MgO and 10% Fe/MgO are relatively modest not very
low as 40% Fe/MgO catalyst and not good enough and high
as for 15% Fe/MgO and 20% Fe/MgO catalysts. Thus, with
respect to MgO supported catalysts, an optimum Fe loading
is achievable utilizing 15% Fe/MgO catalyst.
Fig. 6 presents the conversion time on stream for TiO2
supported iron catalysts. Different iron loading ranging
between15% to 50% are tested for 3 h. Conversion-time
curves depict decaying profiles and conversion reduction
of around 70% for all loading values. Therefore, there is no
loading preference same as shown in Figs. 4 and 5 for alumina and magnesium oxides supported catalysts. Hence
596
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TiO2 supported iron catalysts provided the least stable behavior. It can be concluded that, support type used play a
significant role in both catalytic activity and stability as reported by other investigators.21 Fig. 7 shows the XRD pattern of the freshly calcined 20% Fe supported over MgO,
TiO2 and Al2O3 catalysts. Diffraction peaks formed are dependent on support type. For 20% Fe/MgO reflections are
displayed at 2q = 36.9, 43.0, 62.1, 74.8, and 79°. The reflections exhibited at 36.9, 43.0, 62.1, 74.8 and 79° can be
ascribed to MgO (111), MgO (200), MgO (220), MgO
(311) and MgO (222) respectively. All the X-ray diffraction peaks are in good agreement with the MgO cubic phase
(JCPDS.No.: 65-0476). The XRD patterns do not display
any additional peaks associated with the active metal iron,
signifying that iron ions form interstitial or substitutional
sites for magnesium ions. Similarly, for 20% Fe/TiO2 reflections are displayed at 2q = 36 and 41°. The reflections

Fig. 5. Time on stream conversion of different loading
of Fe/MgO catalysts at 700 °C.

Fig. 6. Time on stream conversion of different loading
of Fe/TiO2 catalysts at 700 °C.

© 2015 The Chemical Society Located in Taipei & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Chin. Chem. Soc. 2015, 62, 592-599

JOURNAL OF THE CHINESE
CHEMICAL SOCIETY

Influence of Support Type and Metal Loading in CMD

EXPERIMENTAL
Catalyst preparation: All utilized chemicals were of analytical grade. The support materials Al2O3, MgO and TiO2 were
acquired either from Degussa®, or Norton. Nitrate Salts of Iron
[Fe (NO3)2.9H2O] obtained from Sigma Aldrich was employed as
a precursor for active metal. Iron catalysts were prepared by the
co-precipitating stoichiometric amounts of the precursors of the
active metal Fe (NO3)2.9H2O and that of the support (Al(NO3)3·
9H2O, Mg (NO3) 2.6H2O, Ti {OCH (CH3) 2 }4) dissolved in distilled water under constant stirring at 60 °C and 10 vol.% NH3 solution was added until pH 9 was attained. Different amounts of
iron loading ranged between 10 to 60%. was used. The resulted
Fig. 7. XRD pattern of 20% Fe supported over MgO,
TiO2, Al2O3 and calcined at 500 °C.

precipitates were filtered, washed with deionized water and acetone, dried overnight at 120 °C and lastly calcined at 500 °C in air
atmosphere for 3 h.

exhibited at 36 and 41° can be ascribed to TiO2 (200), TiO2
(111) respectively indicating TiO2 in the rutile phase. Both
peaks are in good agreement with the standard spectrum
(JCPDS no.: 88-1175). On the other hand, for 20% Fe/
A2O3 reflections are displayed at 2q = 36°.
The internal morphology of the spent MgO support
Fe catalyst was studied by TEM and results are shown in
Fig. 8 (a-d). The TEM images of carbon filaments generated by methane decomposition shown in Fig. 8 (a-d)
clearly indicate, the formation of multiwalled nanotubes.
The black spots observed in the catalyst show the presence
of iron nanoparticles due to the electronic density disparity. 37 The iron nanoparticle of about 6 nm diameter is
spread internally and externally (Fig. 8 (a-d)) over the
nanotubes of the formed carbon. The average size of the
nanotube diameter is 16 nm and fringes on the sides are
about 4 nm.

Catalytic performance: Catalytic methane decomposition
(CMD) of iron-based catalysts supported with Al2O3, MgO and
TiO2 was accomplished in a fixed-bed flow reactor (9.4 mm i.d.
and 48 cm long stainless steel-tube) at atmospheric pressure. The
entire details of the experimental setup and procedure were specified elsewhere.34 The reaction temperature was constantly monitored. Before the activity tests, the catalysts were reduced using a
flow rate of 40 ml/min of H2 at 500 °C for 90 min. Next, pure
methane and N2 gas were fed into the reactor to accomplish the
catalytic methane decomposition at 700 °C. In each test, 0.3 gram
catalyst was put in the reactor bed and space velocity of 5000
ml.h-1.gcat-1 was accomplished by opting for 15 ml/min flow rate
of pure methane and 10ml/min of N2 . Gas chromatography
(Varian Star 3400) fitted with a thermal conductivity detector was
connected online to determine the composition of the outlet gas.
The reproducibility of experimental runs was kept and the reported results were the average of three times repeated experimental runs. Iron concentration in the catalyst was calculated using this formula:
grams of iron
´ 100
grams of iron + grams of support

While the conversion of methane was calculated from the
following expression:
% Conversion of CH4 =
(moles of CH 4 in feed ) - (moles of CH 4 in product )
´ 100
moles of CH 4 in feed
Catalyst characterization: The textural properties for the
Fig. 8. (a-d) TEM Images of carbon filaments deposited over 20% Fe/MgO (calcined at 500 °C.
J. Chin. Chem. Soc. 2015, 62, 592-599

instance specific surface area, pore volume, average pore diameter and particle size of used and fresh catalysts were determined
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using a Micromeritics Tristar II 3020 surface area and porosity
analyzer from N2 adsorption desorption data at 77K according to
the standard BET procedure. Prior to experiment, the samples are
degassed at 250 °C for 3 h to remove wetness and adsorbed gases
from catalyst surface. Chemisorption apparatus (Micromeritics
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Auto Chem II 2920 apparatus) was used to determine the temperature programmed reduction using hydrogen (H2-TPR). For
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